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RESEARCH ARTICLE
Evaluation of direct and maternal responses 
in reproduction traits based on different 
selection strategies for postnatal piglet survival 
in a selection experiment
Tuan Q. Nguyen1,2*, Pieter W. Knap3, Geoff Simm4, Sandra A. Edwards5 and Rainer Roehe1* 
Abstract 
Background: Postnatal piglet survival is important both in economic and animal welfare terms. It is influenced by the 
piglet’s own direct genetic effects and by maternal genetic effects of the dam, associated with milk production and 
mothering abilities. These genetic effects might be correlated, affected by other non-genetic factors and unfavourably 
associated with other reproduction traits such as litter size, which makes the development of optimal breeding strate-
gies a challenge. To identify the optimum selection strategy for piglet survival, a selection experiment was carried out to 
compare responses in survival and reproduction traits to selection on only direct, only maternal, or both genetic effects 
of postnatal survival. The data of the experiment were recorded from outdoor reared pigs, with first- and second-genera-
tion sires selected based on their estimated breeding values for maternal and direct effects of postnatal survival of indoor 
reared offspring, respectively, with the opportunity to identify potential genotype-by-environment interaction.
Results: A Bayesian multivariate threshold-linear model that was fitted to data on 22,483 piglets resulted in signifi-
cant (Pr(h2 > 0) = 1.00) estimates of maternal and direct heritabilities between 0.12 and 0.18 for survival traits and 
between 0.29 and 0.36 for birth weight, respectively. Selection for direct genetic effects resulted in direct and mater-
nal responses in postnatal survival of 1.11% ± 0.17 and − 0.49% ± 0.10, respectively, while selection for maternal 
genetic effects led to greater direct and maternal responses, of 5.20% ± 0.34 and 1.29% ± 0.20, respectively, in part 
due to unintentional within-litter selection. Selection for both direct and maternal effects revealed a significant lower 
direct response (− 1.04% ± 0.12) in comparison to its expected response from single-effect selection, caused by inter-
actions between direct and maternal effects.
Conclusions: Selection successfully improved post- and perinatal survival and birth weight, which indicates that 
they are genetically determined and that genotype-by-environment interactions between outdoor (experimental 
data) and indoor (selection data) housed pigs were not important for these traits. A substantially increased overall 
(direct plus maternal) response was obtained using selection for maternal versus direct or both direct and maternal 
effects, suggesting that the maternal genetic effects are the main limiting factor for improving piglet survival on 
which selection pressure should be emphasized.
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permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 
mmons .org/licen ses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creat iveco mmons .org/publi cdoma in/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.
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Background
Piglet mortality is one of the most commercially-impor-
tant traits in pig production systems [1–3] and leads to 
animal welfare concerns [4] and economic losses [3, 5, 
6]. Based on a recent report, the average rate of stillborn 
piglets for all breeding herds in the UK was 5.1% and the 
mean pre-weaning mortality was 12.1% [7]. Selection 
schemes that focus only on a reproduction trait such as 
litter size and on productivity traits such as growth rate 
and lean meat, result in reduced piglet survival due to 
undesirable genetic correlations between these traits [8–
10]. Piglet birth weight is an important factor associated 
with piglet survival [11]. The low birth weight of piglets 
has been shown to be under the influence of intrauterine 
growth restriction, which results in physiological imma-
turity and dysfunction of organs and tissues that are 
important to digestion, nutrient absorption, and metabo-
lism [12–14].
Piglet survival is controlled both by the genes of the 
piglet that are involved in vitality, health, growth, etc. 
(direct genetic effects), and by the genes of the dam that 
affect milk yield and other mothering abilities (maternal 
genetic effects), which is a challenge for improving pig-
let survival genetically [15]. In the literature, direct and 
maternal heritabilities for piglet survival are reported to 
be low, but the genetic variation is sufficient to obtain a 
meaningful selection response [16–18]. Genetic param-
eters of piglet survival have been estimated based on 
the performance of sows (assuming normally-distrib-
uted continuous traits) by fitting a linear model using 
restricted maximum likelihood (REML) [19, 20]. How-
ever, in order to estimate the direct and maternal herit-
abilities and the genetic correlations between direct and 
maternal effects of piglet survival traits and birth weight, 
the data have to be analysed at the individual piglet level. 
At the piglet level, observations of survival are binary 
(alive or dead), which are more appropriately analysed 
using a threshold model [21]. A Bayesian approach is 
particularly appropriate for joint analysis of binary and 
normally distributed traits, using a combined threshold-
linear model [22].
Using data from a large selection experiment for post-
natal survival, the aim of this study was to estimate direct 
and maternal selection responses of piglet survival and 
birth weight at the piglet level, using a Bayesian thresh-
old-linear model, as well as the direct selection responses 
of survival, reproduction, and birth weight traits at the 
sow level, using a linear model. These same models were 
used to estimate the direct and maternal genetic param-
eters of piglet survival and birth weight at the piglet level 
and of piglet survival, reproduction, and birth weight 
traits at the sow level. Cross-classified mating between 
animals from direct and maternal selection groups 
allowed us to estimate responses when selection was for 
maternal or direct genetic effects only or for a combina-
tion of both. The selection experiment also allowed us to 
investigate whether genotype-by-environment interac-
tions occurred because the selection of boars was based 
on direct and/or maternal estimated breeding values 
(EBV) for postnatal piglet survival from an indoor pro-
duction system, while the sows and piglet performances 
were obtained in an outdoor system.
Methods
Animals and data
Data were available on 22,483 piglets born in 1765 litters 
from an outdoor selection experiment carried out over 
two generations. In the first-generation, 28 Landrace 
boars (from a dam line) were selected for high or aver-
age maternal EBV for piglet postnatal survival. The EBV 
for piglet survival of the boars were estimated, in 2004–
2005, by the Pig Improvement Company (PIC) based on 
postnatal survival of indoor reared piglets using a linear 
direct-maternal effects model. The selected boars were 
randomly mated with 413 commercial dams to produce 
567 gilts, with 280 gilts sired by high maternal EBV 
boars and 287 gilts sired by average maternal EBV boars. 
In the second-generation, these two groups of gilts were 
mated with two groups of Large White boars of a sire 
line (29 in total). The Large White boars were selected 
for high or average EBV for direct genetic effects for 
postnatal survival. The sows in the second generation 
were kept for three parities. In order to investigate 
and disentangle direct and maternal genetic effects, all 
combinations of high and average EBV of maternal and 
direct genetic effects were planned, which meant that a 
cross-classified mating scheme was applied to guaran-
tee that every second-generation sow was mated at least 
once with Large White boars with high versus average 
direct EBV.
Two sets of data were used in this study. The first 
dataset comprised performance records from second 
and third generation outdoor reared individual piglets 
which included survival at birth (SVB), also referred 
to as perinatal survival in this paper, survival during 
the nursing period (SVNP), also referred to as post-
natal survival, and individual birth weight (IBW). Sur-
vival of piglets was recorded on a binary scale, 1 for 
stillborn, 2 for alive. For SVB, records on 22,483 pig-
lets were available, with 21,669 alive and 814 stillborn 
piglets. Mummified piglets were excluded from the 
analysis. Stillborn piglets were then treated as miss-
ing values for the trait SVNP (with 19,197 alive and 
2472 dead piglets). Each individual piglet, regardless 
of whether it was stillborn or alive, was weighed within 
24  h after birth. Cross-fostering was operated from 
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first handling up to 4  days after farrowing. Only 8.2% 
of the total number of piglets was cross-fostered. The 
second dataset contained performance records at the 
sow level: number of piglets born (NB), average piglet 
birth weight per litter (ABW), the standard deviation of 
piglet birth weight within litter (SDBW), piglet survival 
rate per litter at birth (SVLB), and piglet survival rate 
per litter during the nursing period (SVLNP). All litter 
weight traits included the weights of both the stillborn 
and live piglets.
Statistical analysis
For the binary traits SVB and SVNP, a threshold model 
was used, in which the traits were considered to have 
an underlying continuous distribution (liability). The 
threshold is a conceptual point estimated for the binary 
observations. If the animal’s liability value is above the 
threshold, it is considered as having “survived” and if it 
is below the threshold, it is considered as “dead” [23]. In 
contrast, for birth weight, a linear model was fitted by 
considering a normal distribution.
Analysis at the piglet level
At the piglet level, a Bayesian threshold-linear model was 
fitted in a multivariate analysis of the traits SVB, SVNP, 
and IBW, as follows:
where y is a vector that includes the underlying continu-
ous variables for SVB and SVNP, and the phenotypic val-
ues for IBW; b is a vector of fixed effects, i.e. the effects 
of farm-unit-year-month-parity (23 classes), gestation 
length (9 classes), and sex of piglets (2 classes), along with 
a fostering effect (2 classes) (for SVNP only), for whether 
a piglet stayed with its biological mother or was trans-
ferred to a nursing sow; vectors d , m , and l represent the 
random effects of direct genetic, maternal genetic, and 
common environmental litter effects, respectively; X , Z1 , 
Z2 , and Z3 are incidence matrices relating vectors b , d , m , 
and l , respectively, with the observations.The following 
(co)variance structure analyses were assumed in the fit-
ted model:
where ⊗ is the direct product of matrices, A is the numer-
ator genetic relationship matrix (four generation deep) at 
the piglet level, and Gd , Gm , Gdm , L , and R represent the 
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(co)variance matrices between traits for direct genetic, 
maternal genetic, associations between direct and mater-
nal genetic effects, litter, and residual effects, respec-
tively. For estimation of the maternal effects of postnatal 
survival, the biological mother was also considered for 
cross-fostered piglets because of the relatively long cross-
fostering period of up to four days after birth and the low 
percentage of cross-fostering.
To estimate the responses to selection at the piglet 
level, the analysis of genetic parameters that was previ-
ously carried out by Roehe et al. [24] on the same data 
was repeated because of the availability of an updated 
version of the software, of a substantially larger num-
ber of Gibbs sampling iterations with a longer burn-in 
period, and of additional pedigree information. In a 
further analysis, piglet survival traits and birth weight 
were adjusted for litter size by adding litter size as a 
covariate, in order to investigate its influence on the 
parameters and on selection responses in direct and 
maternal genetic effects of these adjusted traits.
Analysis at the sow level
At the sow level, the data were analysed using a multiple 
trait Bayesian linear model for NB, ABW, SDBW, SVLB, 
and SVLNP. NB included total counts of live and stillborn 
piglets, but not mummified piglets. To increase the accu-
racy of SDBW, 1735 litters with five or more piglets were 
used in the analysis. SVLB was calculated as the number 
of piglets born alive divided by the total number of pig-
lets born. SVLNP was obtained by dividing the number 
of piglets surviving the nursing period by the number of 
piglets born alive.
The multiple trait model used to estimate genetic 
parameters for sow reproduction performance was:
where y , b , a , pe and e are vectors of the observations 
of traits, fixed effects (farm-unit-year-month-parity (23 
classes), gestation length (9 classes), and generation (2 
classes)), random additive genetic effects of sows, ran-
dom permanent environmental effects, and residuals, 
respectively, and X , Z1 and Z2 are incidence matrices 
relating vectors b , a,and pe with y . The assumed (co)vari-
ance structure was:
where A is the numerator genetic relationship matrix at 
the sow level and G , PE, and R represent the (co)variance 











A ⊗G 0 0
0 I⊗ PE 0
0 0 I⊗ R

,
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matrices between traits for direct genetic effects of sows, 
permanent environmental effects, and residual effects, 
respectively.
Estimation of variance components
All Bayesian analyses were performed using the program 
THRGIBBS1f90 [22]. Convergence of the parameters was 
assessed by Geweke’s diagnostic value [25] and by visu-
alisation of the mixing of the Markov chain using a trace 
plot. At the piglet level, the Gibbs sampling process for 
estimation of variance components was run for 1,000,000 
iterations and the first 500,000 were deleted as burn-in 
based on visual evaluation. At the sow level, the Gibbs 
sampling process was allowed to run for 2,000,000 itera-
tions and the first 1,200,000 iterations were discarded as 
burn-in. To avoid autocorrelation, only the values from 
every 30th iteration and every 50th iteration for pig-
let and sow analyses, respectively, were stored and used 
to calculate the marginal posterior distribution of the 
parameters. Estimates of variance components, herit-
abilities, and correlations were calculated as the means of 
their corresponding marginal posterior distributions and 
their credibility was provided as the 95% highest poste-
rior density interval (95-HPD).
The variance components for direct genetic effects 
( σ2d ), maternal genetic effects ( σ
2
m ), the covariance 
between direct and maternal genetic effects ( σdm ), lit-
ter effects ( σ2l  ), and residuals ( σ
2
e ) were used to calcu-
late the phenotypic variance at the piglet level [26] as:
This variance was used as basis for estimating the direct 
and maternal heritabilities of piglet traits.
The variance components for additive genetic effects 
( σ2a ), permanent environmental effects ( σ2pe ), and resid-
uals ( σ2e ) were used to calculate the phenotypic variance 
at the sow level as:
This variance was used as a basis to estimate the herit-
abilities of sow productivity traits.
Estimation of responses to selection
The responses to selection were estimated based on EBV 
generated based on the models described before using 
Gibbs sampling, keeping the variance components matri-
ces fixed at the values obtained in the genetic parameter 





















iterations, with the first 10,000 iterations deleted as burn-
in and the solutions of every  30th iteration saved for both 
the piglet and sow analyses. For the survival traits, the EBV 
were on the liability scale and were transformed to the phe-
notypic probability scale using:
where pi is the probability for survival of piglet i , �(.) 
is the cumulative probability function of the standard 
normal distribution, µ is the liability of the mean of the 
respective trait, and EBVi is the EBV of piglet i on the 
liability scale [27].
At the piglet level, the selection response was estimated 
as the difference between EBV of the high ( H ) and control 
( C ) groups of third-generation piglets, which were grouped 
based on their maternal Landrace grandsires belonging 
to the high ( HM ) or control (CM ) group for maternal ( M ) 
genetic effects of postnatal survival and based on their 
Large White sires belonging to the high ( HD) or control 
( CD ) group for direct ( D ) genetic effects of postnatal sur-
vival. Due to the cross-classified mating design, the third-
generation piglets were assigned into four selection groups: 
CDCM , HDCM , CDHM , and HDHM , representing the con-
trol group originated from average EBV sires, and the 
selection groups for direct effects, maternal genetic effects, 
and selection on both genetic effects using a tandem selec-
tion strategy, respectively.
Based on the design of the selection experiment, the 
genetic contribution of each ancestor group to the selec-
tion response (R) based on the direct EBV of the third-gen-
eration piglets estimated based on the experimental data 
can be modelled as:
where d and dm represent the direct and correlated 
direct-maternal effects for the Large White (LW) boars, 
the Landrace (LR) boars, and the commercial sows (CS) 
[28]. Similarly, the contribution of each ancestor group 
to selection response based on the maternal EBV of the 
third-generation piglets estimated based on the experi-
mental data can be modelled as:
Thus, the selection response for direct genetic effects 
(�D) based on the means of direct EBV (EBVd) of third-
generation piglets for the different selection groups 
pi = �(µ+ EBVi),
R(EBVd) =1/2LWd + 1/4LRd + 1/4CSd
+ 1/2LWdm + 1/4LRdm + 1/4CSdm,
R(EBVm) =1/2LWm + 1/4LRm + 1/4CSm
+ 1/2LWmd + 1/4LRmd + 1/4CSmd.
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i s : p�D(HDCM − CDCM) = EBVd(HDCM) − EBVd(CDCM)
= pLWd with genetic contribution p = 1/2,
p�D(CDHM−CDCM) = EBVd(CDHM) − EBVd(CDCM) = pLRdm 
with genetic contribution p = 1/4,
where Dd×m is the deviation of the direct response from 
the expected response obtained for single-effect (direct 
or maternal) selection when selection was for both direct 
and maternal effects, estimating the influence of inter-
actions between these effects on the direct response to 
selection:
The selection response for maternal genetic effect (�M) 
based on maternal EBV (EBVm) of third-generation pig-
lets for the different selection groups is:
p�M(HDCM−CDCM) = EBVm(HDCM) − EBVm(CDCM) = pLWmd 
with genetic contribution p = 1/2,
p�M(CDHM−CDCM) = EBVm(CDHM) − EBVm(CDCM) = pLRm 













�D(HDHM−CDCM) = EBVd(HDHM ) − EBVd(CDCM)












�M(HDCM−CDCM) = 2(EBVm(HDCM) − EBVm(CDCM)).
(5)
�M(CDHM−CDCM) = 4(EBVm(CDHM) − EBVm(CDCM)).
where Md×m is the deviation of the maternal response 
from the expected response obtained for single-effect 
(direct or maternal) selection when selection was for 
both direct and maternal effects, estimating the influence 
of interactions between these effects on the maternal 
response to selection:
Equations  (1) to (6) were used to estimate the direct 
and maternal responses for the different selection scenar-
ios using the EBV of the third-generation piglets.
At the sow level, selection responses (RS) were esti-
mated as differences between mean maternal EBV of the 
maternal selection ( HM ) and control ( CM ) groups of the 
second-generation crossbred sows:
Results
Table  1 summarises the performance parameters of 
piglets and sows from the two-generation selection 
experiment. In total, 980 sows produced 1765 litters, 
comprising 22,483 piglets. The average piglet birth 
weight was 1.600  kg, with a standard deviation (SD) of 
401 g. The corresponding coefficient of variation of 25% 
was equal to that for total number of piglets born and 
number of piglets born alive.
Variance components at the piglet level
The variance components of the data at the piglet level 
were reanalysed with updated software and a substan-
tially larger number of iterations including a longer 
burn-in period, which resulted in similar heritability esti-
mates and similar low estimates of genetic correlations 
�M(HDHM−CDCM) = EBVm(HDHM) − EBVm(CDCM)
= 1/2 LWmd + 1/4 LRm +�Md×m,
(6)
�Md×m =(EBVm(HDHM) − EBVm(CDCM))






Table 1 Number of observations, means, standard deviations (SD) and coefficients of variation (CV) for piglet and sow performance 
traits
Trait Number of observations Mean SD CV
Individual piglet birth weight (kg) 22,107 1.600 0.401 0.25
Piglet survival rate per litter at birth (%) 1765 96.65 6.97 0.07
Piglet survival rate per litter during the nursing period (%) 1765 89.03 11.96 0.13
Average piglet birth weight per litter (kg) 1765 1.636 0.272 0.17
SD of piglet birth weight within litter (kg) 1765 0.312 0.096 0.31
Total number piglets born 1765 12.74 3.19 0.25
Number piglets born alive 1765 12.28 3.08 0.25
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between direct and maternal effects of the piglet sur-
vival traits and birth weight (Table 2) to those reported 
in Roehe et  al. [24]. The main difference between these 
two analyses was that the antagonistic genetic correla-
tions between direct and maternal effects within trait 
were moderate in the previous analysis, but only slightly 
antagonistic in the current study with estimates of − 0.15, 
− 0.04, and − 0.05 for SVNP, SVB, and IBW, respec-
tively, and a probability of being negative of 95, 63, and 
83%, respectively. Due to the use of a substantially larger 
number of Gibbs sampling iterations in the current study, 
including a longer burn-in, we found that more of the low 
correlations between traits were significant. For example, 
estimates of the direct or maternal genetic correlations 
between piglet traits were all significant but low, i.e. rang-
ing from 0.23 to 0.25 for direct effects and from 0.18 to 
0.28 for maternal effects. In addition, estimates of some 
correlations between direct and maternal genetic effects 
of different traits were significant, in particular the cor-
relations between IBWd and SVBm (0.16), between IBWd 
and SVNPm (0.15) and between SVNPd and IBWm (0.14). 
Adjustment of the piglet traits for litter size resulted in 
negligible changes in estimates of genetic parameters 
compared to the unadjusted analysis (see Additional 
file 1: Table S1).
Litter and residual environmental effect
Estimates of the phenotypic proportions of common 
environmental variances within litter at the piglet level 
for SVB, SVNP, and IBW were significant and ranged 
from 0.08 to 0.15 (Table 3). The maternal genetic and lit-
ter variances explained cumulatively 0.19 to 0.42 of the 
phenotypic variance for the analysed traits. Estimates of 
correlations between litter effects for SVB, SVNP, and 
IBW were positive but low, and estimates of residual 
environmental correlations were moderately high and 
positive.
Variance components at the sow level
Estimates of genetic parameter at the sow level based 
on a Bayesian multivariate analysis of NB, ABW, SDBW, 
SVLB, and SVLNP are in Table  4. All heritability esti-
mates were significantly different from 0, as indicated by 
the lower limit of the 95-HPD interval, which is always 
above 0. The estimate of heritability for NB was almost 
twice as high as that for postnatal piglet survival. Surpris-
ingly, the estimate of heritability of ABW was as low as 
that of NB. The estimate of heritability for variation of 
birth weight within litter was only half of that of ABW.
Estimates of genetic correlations of NB with ABW, 
SVLB, and SVLNP were all significantly negative, i.e. 
Table 2 Estimated genetic parameters for piglet survival traits and birth weight analysed at the piglet level
Estimates for piglet survival at birth (SVB), during the nursing period (SVNP) and individual piglet birth weight (IBW) are presented as posterior means of genetic 
variances, direct and maternal heritabilities  h2 (on the diagonal), genetic correlations rg (above the diagonal) including their 95% highest posterior density interval (in 
parentheses), posterior probability of being positive Pr(. > 0) or negative Pr(. < 0) and genetic covariances (below the diagonal) using a Bayesian multivariate analysis at 
the piglet level
*Significantly different from 0 (P < 0.05)
Effect Trait Genetic variance Direct Maternal
SVB SVNP IBW SVB SVNP IBW
Direct SVB 0.335 0.178* 0.225* 0.230* − 0.041 0.146 0.119
(0.13 to 0.23) (− 0.00 to 0.44) (0.11 to 0.35) (− 0.26 to 0.17) (− 0.05 to 0.34) (− 0.00 to 0.24)
Pr(h2 > 0) = 1.00 Pr(rg > 0) = 0.97 Pr(rg > 0) = 1.00 Pr(rg < 0) = 0.63 Pr(rg > 0) = 0.93 Pr(rg > 0) = 0.97
SVNP 0.287 0.069 0.184* 0.254* 0.165 – 0.152 0.137*
(0.13 to 0.24) (0.14 to 0.37) (− 0.04 to 0.37) (− 0.33 to 0.03) (0.01 to 0.26)
Pr(h2 > 0) = 1.00 Pr(rg > 0) = 1.00 Pr(rg > 0) = 0.94 Pr(rg < 0) = 0.95 Pr(rg > 0) = 0.98
IBW 0.091 0.04 0.04 0.358* 0.163* 0.149* – 0.047
(0.32 to 0.40) (0.04 to 0.29) (0.03 to 0.27) (− 0.14 to 0.05)
Pr(h2 > 0) = 1.00 Pr(rg > 0) = 0.99 Pr(rg > 0) = 0.99 Pr(rg < 0) = 0.83
Maternal SVB 0.261 − 0.015 0.045 0.025 0.140* 0.233* 0.175*
(0.11 to 0.17) (0.07 to 0.40) (0.06 to 0.29)
Pr(h2 > 0) = 1.00 Pr(rg > 0) = 1.00 Pr(rg > 0) = 1.00
SVNP 0.181 0.035 − 0.037 0.019 0.0507 0.117* 0.278*
(0.09 to 0.14) (0.18 to 0.38)
Pr(h2 > 0) = 1.00 Pr(rg > 0) = 1.00
IBW 0.075 0.019 0.020 − 0.004 0.024 0.032 0.294*
(0.26 to 0.32)
Pr(h2 > 0) = 1.00
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close to − 0.40, while the estimate of the genetic correla-
tion of NB with SDBW was positive and of similar magni-
tude, i.e. 0.38. The ABW was estimated to be significantly 
genetically correlated with SDBW, but not with SVLB and 
SVLNP. Estimates of the genetic correlation of SDBW with 
survival traits were negative but non-significant, and only 
that with SVLB reached a moderate value that approached 
significance. Estimates of genetic correlations between 
survival traits were low and positive but not significant.
Permanent environmental and residual effects
Estimates of the phenotypic proportions of permanent 
environmental variance of the sow reproduction traits 
are summarised in Table  5. The permanent environ-
mental effects for NB and survival traits were small and 
ranged from 0.04 to 0.09, whereas those for birth weight 
traits were larger, i.e. from 0.15 to 0.21. Estimates of 
permanent environmental correlations between traits 
were not significantly different from 0, except for the 
negative and moderate correlation for NB with ABW 
and the high correlation for NB with SDBW. In contrast 
to the permanent environmental correlations, estimates 
of correlations between residual effects were all signifi-
cantly different from zero and ranged from − 0.56 for 
NB with ABW to 0.28 for ABW with SVLNP.
Responses to selection
Analysis at the piglet level
Figure 1 shows the differences in mean EBV between the 
high and control groups of Landrace (first generation) 
and Large White (second generation) boars, which were 
based on postnatal piglet survival in an indoor produc-
tion system at PIC, and the mean phenotypic differences 
between piglets from the different selection groups. For 
interpretation of differences in EBV between the selec-
tion and control groups for postnatal piglet survival, 
it should be noted that positive maternal and negative 
direct EBV are desirable because PIC estimated the for-
mer based on survival and the latter based on mortality. 
The highest phenotypic response in postnatal survival 
Table 3 Estimated parameters for litter effects for piglet 
survival traits and birth weight and their residual environmental 
correlations at the piglet level
Estimated phenotypic proportions of litter effects  l2 (on diagonal), correlations 
between litter effects rl (above the diagonal), residual environmental correlation 
re , (below the diagonal) including their 95% highest posterior density interval (in 
parentheses), posterior probability of being positive Pr(. > 0) for piglet survival 
traits and birth weight using a Bayesian multivariate analysis at the piglet level
Trait SVB SVNP IBW
SVB 0.153 0.368 0.218
(0.11 to 0.19) (0.20 to 0.54) (0.12 to 0.32)
Pr(l2 > 0) = 100 Pr(rl > 0) = 1.00 Pr(rl > 0) = 1.00
SVNP 0.565 0.076 0.361
(0.32 to 0.81) (0.06 to 0.09) (0.27 to 0.45)
Pr(re > 0) = 1.00 Pr(l2 > 0) = 100 Pr(rl > 0) = 1.00
IBW 0.412 0.465 0.121
(0.35 to 0.47) (0.42 to 0.51) (0.11 to 0.13)
Pr(re > 0) = 1.00 Pr(l2 > 0) = 100 Pr(l2 > 0) = 100
Table 4 Estimated genetic parameters for piglet survival and birth weight traits analysed at the sow level
Estimates of number piglets born (NB), average piglet birth weight per litter (ABW), standard deviation of piglet birth weight within litter (SDBW), piglet survival rate 
per litter at birth (SVLB) and piglet survival rate per litter during the nursing period (SVLNP) presented as posterior means of genetic variances, direct heritabilities (on 
the diagonal), genetic correlations rg (above diagonal) including their 95% highest posterior density interval (in parentheses), posterior probability of being positive 
Pr(. > 0) or negative Pr(. < 0) and genetic covariances (below the diagonal) using a Bayesian multivariate analysis at the sow level
Trait Genetic variance NB ABW SDBW SVLB SVLNP
NB 1.920 0.22 − 0.39 0.38 − 0.37 − 0.36
(0.16 to 0.30) (− 0.59 to − 0.17) (0.12 to 0.65) (− 0.84 to 0.05) (− 0.68 to − 0.05)
Pr(h2 > 0) = 1.00 Pr(rg < 0) = 1.00 Pr(rg > 0) = 0.99 Pr(rg < 0) = 0.94 Pr(rg < 0) = 0.98
ABW 0.013 − 0.062 0.22 0.68 − 0.17 0.31
(0.13 to 0.32) (0.48 to 0.85) (− 0.64 to 0.29) (− 0.04 to 0.65)
Pr(h2 > 0) = 1.00 Pr(rg > 0) = 1.00 Pr(rg < 0) = 0.77 Pr(rg > 0) = 0.95
SDBW 0.001 0.012 0.002 0.11 − 0.43 − 0.02
(0.06 to 0.17) (− 0.86 to 0.04) (− 0.41 to 0.35)
Pr(h2 > 0) = 1.00 Pr(rg < 0) = 0.95 Pr(rg < 0) = 053
SVLB 0.0003 − 0.009 − 0.0003 − 0.0002 0.06 0.18
(0.02 to 0.12) (− 0.31 to 0.68)
Pr(h2 > 0) = 1.00 Pr(rg > 0) = 0.76
SVLNP 0.002 − 0.020 0.001 − 0.00001 0.0001 0.13
(0.06 to 0.19)
Pr(h2 > 0) = 1.00
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Table 5 Estimated parameters of permanent environmental effects for litter piglet survival and birth weight traits and their residual 
correlations at the sow level
Estimated phenotypic proportions of permanent effects  pe2 (on diagonal), correlations among permanent effects  rpe (above the diagonal), residual correlation  re 
(below the diagonal), including their 95% highest posterior density interval (in parentheses) and posterior probability of being positive Pr(. > 0) or negative Pr(. < 0) for 
sow productivity traits using a Bayesian multivariate analysis at the sow level
Trait NB ABW SDBW SVLB SVLNP
NB 0.04 − 0.43 − 0.93 0.44 0.09
(0.02 to 0.06) (− 0.79 to − 0.04) (− 1.00 to − 0.84) (− 0.07 to 0.88) (− 0.42 to 0.62)
Pr(pe2 > 0) = 100 Pr(rpe < 0) = 0.973 Pr(rpe < 0) = 1.00 Pr(rpe > 0) = 0.94 Pr(rpe > 0) = 0.63
ABW − 0.56 0.15 0.27 − 0.15 0.09
(− 0.60 to − 0.52) (0.06 to 0.24) (− 0.15 to 0.67) (− 0.77 to 0.46) (− 0.49 to 0.65)
Pr(re < 0) = 1.00 Pr(pe2 > 0) = 100 Pr(rpe > 0) = 0.90 Pr(rpe < 0) = 0.69 Pr(rpe > 0) = 0.64
SDBW 0.12 − 0.28 0.21 − 0.19 − 0.07
(0.06 to 0.18) (− 0.34 to − 0.22) (0.09 to 0.34) (− 0.76 to 0.34) (− 0.57 to 0.46)
Pr(re > 0) = 1.00 Pr(re < 0) = 1.00 Pr(pe2 > 0) = 100 Pr(rpe < 0) = 0.75 Pr(rpe < 0) = 0.60
SVLB − 0.15 0.19 − 0.11 0.06 0.29
(− 0.22 to − 0.09) (0.13 to 0.26) (− 0.17 to − 0.05) (0.02 to 0.11) (− 0.26 to 0.78)
Pr(re < 0) = 1.00 Pr(re > 0) = 1.00 Pr(re < 0) = 1.00 Pr(pe2 > 0) = 100 Pr(rpe > 0) = 0.85
SVLNP − 0.21 0.28 − 0.15 0.05 0.09
(− 0.27 to − 0.15) (0.22 to 0.34) (− 0.21 to − 0.09) (− 0.02 to 0.11) (0.03 to 0.15)
Pr(re < 0) = 1.00 Pr(re > 0) = 1.00 Pr(re < 0) = 1.00 Pr(re > 0) = 0.92 Pr(pe2 > 0) = 
100
Fig. 1 Differences in estimated breeding values between selected and control boars at mating and phenotypic selection responses of piglet 
survival during the nursing period estimated at the sow and piglet levels. Estimated breeding values (EBV) of Landrace and Large White boars at the 
time of mating were based on survival (SURV) and mortality (MOR) for maternal and direct effects, respectively. H and C represent high and control 
breeding groups and subscripts D and M denote direct and maternal genetic effects; *: significantly different from 0 (P < 0.05), ns: non-significant
Page 9 of 16Nguyen et al. Genet Sel Evol           (2021) 53:28  
was achieved when selection was based on maternal 
genetic effects only and was 60% higher than the response 
resulting from tandem selection on both maternal and 
direct effects. In contrast, no phenotypic response was 
achieved when selection was on direct genetic effects 
only. The correlated phenotypic selection responses 
for SVB and IBW are in Additional file 2: Figure S1 and 
Additional file  3: Figure S2. They showed consistent 
improvement of these traits after selection on postnatal 
survival, but they were significant only for SVB and IBW 
when selection was on direct genetic effects only and also 
for IBW when selection was on maternal genetic effects 
only. Interestingly, selection on both direct and maternal 
effects of postnatal survival resulted in the lowest and 
non-significant correlated responses in SVB and IBW.
Figure 2 illustrates the estimates of selection responses 
between the selection and control groups obtained based 
on estimated direct and maternal breeding values of the 
third-generation piglets for postnatal piglet survival, 
separately for each selection scenario. Differences in 
EBV between the groups of Landrace and Large White 
boars and first- and second-generation sows based on 
piglet survival performance obtained within the experi-
ment are also presented. Selection on maternal genetic 
effects only, represented by its deviation from the control 
CDHM − CDCM , led to a significant increase in maternal 
response of 1.3% in postnatal piglet survival. Surpris-
ingly, the correlated direct genetic response in postnatal 
survival was even higher, at 5.2%, although no selection 
on direct genetic effects was performed. Selection on 
direct genetic effects only ( HDCM − CDCM ) resulted 
in a direct response of 1.1% but was associated with a 
high negative correlated response of − 0.5% in maternal 
genetic effects of SVNP, so that the overall response was 
only 0.6%. Selection on both direct and maternal genetic 
effects ( HDHM − CDCM ) resulted in a 1% lower direct 
response compared to its expected response derived 
in Eq.  (3) and a 0.1% lower maternal response than its 
expected response derived in Eq.  (6). This indicates a 
substantial reduction in direct response when selection 
was on both direct and maternal genetic effects, while 
the maternal response was not significantly affected. 
Although Landrace boars were selected only on mater-
nal EBV provided by PIC, based on indoor SVNP perfor-
mance, their EBV for the same trait recorded within the 
experiment in an outdoor production system, were even 
slightly higher for direct effects than for maternal effects. 
However, these differences can only be interpreted as a 
tendency because of the small number of boars used. For 
Large White boars, which were selected on direct EBV 
for SVNP based on indoor reared pigs, the differences 
in average direct EBV between the selection and control 
groups were positive, i.e. 1.3%, but negative, i.e. − 0.8%, 
for maternal genetic effects. These differences should also 
be interpreted only as a tendency because of their large 
standard errors. For the commercial sows used in the 
first-generation, very small differences in average direct 
Fig. 2 Differences in estimated breeding values of piglet survival during the nursing period between selected ( H ) and control ( C ) boars based 
on performances realised within the selection experiment and the selection responses in direct ( D ) and maternal ( M ) effects of the same 
trait in crossbred sows and in third-generation piglets originating from different selection scenarios for direct ( HDCM − CDCM ) or maternal 
( CDHM − CDCM ) effects only or their combination ( HDHM − CDCM)
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and maternal EBV were observed between the selection 
and control groups, resulting in a negligible impact on 
the selection response achieved in the third-generation 
piglets. For the second-generation crossbred sows and 
the Landrace sires, positive direct and maternal selection 
responses in SVNP were observed, although the estimate 
of the genetic correlation between these effects was nega-
tive i.e. − 0.15, and selection was on maternal genetic 
effects only.
Selection on SVNP resulted in a significant positive 
correlated response for SVB for direct genetic effects 
only, even when selection was on maternal genetic 
effects for SVNP (Fig.  3). When selection for SVNP 
was on direct genetic effects only, the correlated selec-
tion responses in maternal genetic effects for SVB were 
negative, i.e. − 0.5%, such that the overall correlated 
response was reduced to 1.0%. Selection on both direct 
and maternal effects reduced the direct response sig-
nificantly but not the maternal response compared to 
their expectations based on single-effect selection. An 
unexpected result was the correlated positive direct 
response of the second-generation crossbred sows 
for SVB because their sires were selected on maternal 
genetic effects for SVNP and the estimate of the direct-
maternal genetic correlation for SVB was not signifi-
cant, i.e. 0.15.
As for SVB, positive correlated responses of 43 and 
99  g were achieved for direct genetic effects of IBW 
when selection was on direct or maternal effects for 
postnatal survival, respectively (Fig.  4). However, in 
contrast to SVB, a positive maternal response of 23  g 
was also found for IBW when selection was on direct 
genetic effects only. Consistent with the results for sur-
vival traits, a reduction in birth weight was observed 
when selection was on both direct and maternal effects. 
The averages for the selection and control groups, on 
which the direct and maternal responses of survival 
traits and IBW were based, are in Additional file  4: 
Table S2 and Additional file 5: Table S4.
Adjustment of piglet survival traits and individual birth 
weight for litter size resulted in a reduction of direct and 
maternal selection response for postnatal survival from 
1.1 to 0.5% and from 1.2 to 0.8%, respectively (see Addi-
tional file 4: Table S3 and Additional file 5: Table S5).
Analysis at the sow level
Selection for postnatal survival resulted in a significant 
maternal selection response of 2.6% in SVLNP in the 
second-generation crossbred sows (Table  6). Significant 
correlated responses of − 0.68 piglets and − 9  g were 
obtained in NB and SDBW, respectively. Tendencies of 
positively correlated responses of 5 g in ABW and of 0.2% 
in SVLB were also observed but these were not signifi-
cantly different from 0.
Fig. 3 Differences in estimated breeding values of piglet survival at birth of boars selected on postnatal survival and the correlated selection 
responses estimated as differences between the high ( H ) and control ( C ) groups in direct ( D ) and maternal ( M ) effects of the survival at 
birth in crossbred sows and in third-generation piglets originating from different selection scenarios for direct ( HDCM − CDCM ) or maternal 
( CDHM − CDCM ) effects only or their combination ( HDHM − CDCM)
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Discussion
We found averages for number of piglets born alive, sur-
vival percentage at birth per litter and survival percent-
age during the nursing period of 12.3 piglets, and 96.7 
and 89%, respectively. The averages for performances 
reported in 2007 were slightly smaller for litter size 
but higher for survival traits (12.9 piglets, and 94.9 and 
87.6%) compared to the average 2018 performance on 
British farms [7].
Variance components at the piglet level
A comprehensive discussion on genetic parameters for 
piglet survival and birth weight traits at the piglet level 
Fig. 4 Differences in estimated breeding values of piglet individual birth weight of boars selected on postnatal survival and the correlated selection 
responses estimated as differences between the high ( H ) and control ( C ) in direct ( D ) and maternal ( M ) effects of birth weight in crossbred sows 
and in third-generation piglets originating from different selection scenarios for direct ( HDCM − CDCM ) or maternal ( CDHM − CDCM ) effects only or 
their combination ( HDHM − CDCM)
Table 6 Selection response for sow productivity traits
Least squares mean (LSM) of breeding values for the high and control groups ( HM and CM ) and their comparisons to be used to estimate the selection response R for 
various sow productivity traits. SE, standard error
Trait Group LSM SE P value
Number piglets born (piglet/litter) CM 0.458 0.050 < 0.0001
HM 0.116 0.049 0.027
R = 2(HM−CM) − 0.684 0.140 < 0.0001
Average piglet birth weight per litter (kg) CM − 0.025 0.005 0.0000
HM − 0.023 0.005 0.0000
R = 2(HM−CM) 0.005 0.014 0.735
Standard deviation of piglet birth weight within litter (kg) CM 0.001 0.001 0.273
HM − 0.003 0.001 0.0001
R = 2(HM−CM) − 0.009 0.003 0.0007
Piglet survival rate per litter at birth (%/litter) CM − 0.089 0.041 0.026
HM 0.009 0.040 0.833
R = 2(HM−CM) 0.195 0.114 0.087
Piglet survival rate per litter during the nursing period (%/litter) CM − 1.023 0.113 < 0.0001
HM 0.285 0.112 0.007
R = 2(HM−CM) 2.616 0.319 < 0.0001
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using the same data was presented by Roehe et al. [24]. 
In the current study, we used an updated software and a 
longer Gibbs chain and found that the antagonistic cor-
relation between direct and maternal effects within traits 
was less strong compared to the estimate of Roehe et al. 
[24] and that the reduction in marginal posterior distri-
butions of some low estimates of correlations between 
direct and maternal effects of different traits resulted in 
their significance, which indicates that using a large num-
ber of Gibbs sampling iterations and a longer burn-in 
period reduced the HPD interval of genetic parameters, 
in particular when using a complex linear and threshold 
model with direct and maternal effects.
For interpretation of the selection response, it is 
important to note that estimates of the direct or mater-
nal genetic correlations between survival traits were sig-
nificantly positive at ~ 0.2. This low genetic correlation 
indicates that the survival traits should be considered 
as different traits when estimating response to selec-
tion. Estimates of genetic correlations between survival 
traits and birth weight were also significantly differ-
ent from zero and low, thus an increased birth weight is 
expected to improve piglet survival only slightly. How-
ever, the relationships of birth weight with survival traits 
are non-linear at the phenotypic level [see Additional 
file 6: Figures S3 and S4], and this is not be reflected by 
the estimated linear genetic correlations. Furthermore, 
adjustment of the piglet traits for litter size affected their 
genetic parameter estimates only marginally, which could 
be because the impact of litter size on piglet survival and 
birth weight was indirectly accounted for in the model by 
the common environmental litter effect.
Variance components at the sow level
The estimate of the heritability of NB was higher than the 
estimates reported in [29–32], which ranged from 0.12 to 
0.16, whereas the estimates of heritability of SVLB and 
SVLNP were in agreement with those found in the lit-
erature, which ranged from 0.04 to 0.20 [17, 20, 33]. For 
birth weight traits at the sow level, estimates of heritabil-
ity were of the same order of magnitude as most of the 
estimates reported in the literature, which ranged from 
0.11 to 0.27 for SDBW [17, 31, 34] and from 0.19 to 0.34 
for ABW [17, 32–35], but were lower than the estimate 
reported by Banville et al. [31] for the same trait (0.51).
The negative estimates of genetic correlations of NB 
with survival traits and ABW indicate an antagonism 
between litter size and, piglet survival and birth weight, 
which confirm the negative correlations of NB with 
SVLB and SVLNP that were reported by Su et al. [9] and 
Matheson et al. [35] (ranging from − 0.07 to − 0.52), and 
the positive genetic correlation of NB with piglet mortal-
ity that was reported by Putz et al. [36] (0.23).
Damgaard et  al. [37] and Wolf et  al. [38] reported a 
positive genetic correlation between within-litter birth 
weight variation and piglet mortality, which agrees with 
the negative genetic correlations of SDBW with SVLNP 
and SVLB found here, but which were not significant. 
Further analyses using canalized selection are needed to 
understand the genetic relationships of variability of pig-
let birth weight with survivability of piglets [39–41].
Selection responses
In the experiment used for this study, selection on 
maternal or direct genetic effects of postnatal piglet 
survival only, successfully achieved an increase of more 
than 1% in survival for each genetic effect under selec-
tion. The substantial selection responses obtained also 
revealed that there are no strong genotype-by-environ-
ment interactions between survival of piglets reared 
under indoor or outdoor conditions because the EBV 
for selection were obtained based on postnatal piglet 
survival recorded indoors, whereas data recorded in the 
selection experiment were collected outdoors. In addi-
tion, since the boars were not selected for both extremes 
but for high and average EBV of postnatal survival, the 
achieved selection response has to be considered as high. 
The boars used as the control group had EBV for postna-
tal survival (provided by PIC) close to zero, with the aim 
to produce a control population unselected for postnatal 
survival.
A surprising result was that the selection response in 
the scenario in which only maternal genetic effects were 
selected for produced a four-times higher response in 
direct than maternal genetic effects. This is most likely due 
to unintentional selection of the best piglets within a lit-
ter when choosing gilts for use as the second-generation 
crossbred sows, which may, as a result, be genetically supe-
rior for growth rate, vitality, conformation, health, etc. 
This is supported by the high estimated direct response 
in these crossbred second-generation sows, although they 
were sired by Landrace boars that were selected for high 
maternal breeding values only, and a negative correlation 
between direct and maternal effects was used for estima-
tion of breeding values. This unintentional selection is 
also supported by the higher direct EBV for IBW of the 
crossbred sows. Moreover, phenotypically, the chosen 
gilts were on average 104 ± 24 g heavier at birth than the 
non-selected gilts. Because the high direct response due to 
unintentional selection only occurred in the high maternal 
selection group, it suggests that a high potential for mater-
nal genetic effects is necessary to achieve substantial direct 
genetic response in postnatal piglet survival. This agrees 
with studies that show that piglet survival depends on 
uterine capacity, foetus placental quality, colostrum pro-
duction and nutrient transfer from their mothers, and on 
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adaptive immunity [10, 42–45]. In addition, postnatal pig-
let survival is affected by the sow’s farrowing behaviours, 
such as lying behaviour and (lower) aggression towards 
piglets. Andersen et  al. [46] observed that sows that did 
not crush their piglets reacted more quickly to piglet 
sounds and nosed them more frequently to alert the piglets 
that were lying down, whereas Baxter et al. [47] found that 
postnatal piglet mortality of sows with aggressive behav-
iours, such as pawing, rooting or biting, was elevated. 
Such maternal genetic effects are the first limiting factor 
for postnatal survival that we detected in the scenario in 
which only direct genetic effects were selected for, because 
the direct genetic response obtained was partly offset by 
a negative maternal genetic response in that scenario. 
This was validated by the scenario in which both direct 
and maternal effects were selected, which resulted in a 
significant negative direct response as deviation from its 
expected single-effect’s response. In contrast, in this selec-
tion scenario, the deviation of the maternal response from 
its expected single-effect’s response was not significant. 
The fact that the maternal effects are a limiting factor for 
direct response would also explain why the unintentional 
selection for traits that were correlated with direct genetic 
effects of postnatal piglet survival, resulted in a high direct 
response when only maternal effects were selected on 
because in that case the unintentional selection was less 
restricted by maternal effects.
Heterosis could also influence the observed selection 
responses but Johansson et al. [48] and Roehe et al. [49] 
showed that most of the non-additive genetic effects are 
captured by the litter effect, so heterosis most likely did 
not bias the EBV.
The negative genetic correlation between direct and 
maternal genetic effects had a substantial impact on 
the observed direction and magnitude of the selection 
responses in postnatal survival, in particular when selec-
tion was on direct genetic effects. In a previous simula-
tion study, Roehe et  al. [50, 51] found that a negative 
genetic correlation between direct and maternal effects 
resulted in a substantial reduction in overall response 
and, as our results from the selection experiment suggest, 
this is even the case when this correlation is small, as it 
is for postnatal survival (-0.15). The biological constraints 
discussed above, i.e. that the maternal genetic effects are 
the first limiting factor for improving postnatal survival, 
may increase the undesirable effect of a negative direct-
maternal correlation on response to selection, in particu-
lar, if the selection is only on the direct genetic effects of 
piglet survival.
Another unexpected result was the correlated positive 
direct response in SVB when selection was on mater-
nal effects for SVNP in the second-generation cross-
bred sows. Again, this result illustrates the unintentional 
selection of the best gilts within litters to become the 
second-generation sows, on traits that were correlated 
with direct genetic effects, such as growth rate, vital-
ity, and conformation. This unintentional selection had 
a stronger effect in the high maternal selection group 
than in the corresponding control group. Similar to the 
selection response for SVNP, when selection was on 
direct genetic effects, the correlated response in mater-
nal effects for SVB was high and negative. Again, this 
indicates the antagonistic correlation between direct and 
maternal effects of piglet survival, in particular when 
selection on direct effects is in a population with limited 
maternal resources.
Correlated responses in IBW from selection only on 
direct or maternal effects for SVNP were all positive 
for direct effects and substantially higher than corre-
lated responses for maternal effects, which suggest that 
selection for postnatal survival acted on the piglet genes 
associated with growth, in particular. Generally, the cor-
related response observed for IBW suggests that there 
is a positive genetic correlation between postnatal sur-
vival and piglet growth. However, a reduction in direct 
response in intrauterine growth compared to its expecta-
tion has to be considered when selection is on both direct 
and maternal effects for postnatal piglet survival. The 
antagonistic selection responses for direct versus mater-
nal effects of the analysed piglet traits can be explained 
only partly by the low estimates of genetic correlations in 
the population. High selection pressure on direct effects 
for piglet postnatal survival substantially increased the 
antagonism. Thus, our results emphasize that the genet-
ics that control the maternal traits of sows, such as the 
provision of milk and mothering abilities, might not be 
sufficient to support the potential postnatal survival with 
selection on direct genetic effects only. Therefore, opti-
mal selection on direct and maternal effects needs to 
emphasize maternal genetic effects of piglet survival.
The estimated phenotypic responses to selection 
were consistent with the estimated genetic responses, 
considering that only one quarter and one half of the 
responses to the first- and second-generation selection 
are expressed phenotypically, as derived in Eqs. (1) to (6). 
The expected phenotypic responses in postnatal survival 
based on the estimated genetic responses would be 0.31, 
1.62 and 0.77% when selection was on direct or mater-
nal effects only or their combination, respectively. These 
values are close to the phenotypic responses in Fig. 1, in 
particular when considering the standard errors in the 
phenotypic responses. The impact of litter size on the 
genetic response was identified after phenotypic adjust-
ment of this factor in the model at the piglet level, which 
resulted in reductions in direct and maternal responses 
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in SVNP by 56 and 34%, respectively, when selection was 
only on the corresponding genetic effects. This shows 
that the EBV and thus selection responses in SVNP did 
substantially change due to adjustment for litter size, 
although the genetic parameters were only to a negligible 
extent affected by this adjustment. However, this is a phe-
notypic adjustment of postnatal piglet survival for litter 
size on the piglet level, while the analyses of survival and 
litter size traits at the sow level are providing the genetic 
correlations and correlated response in those traits due 
to selection for postnatal piglet survival.
At the sow level, a substantial improvement in post-
natal piglet survival (2.6%) was achieved in the selec-
tion experiment. However, there was a trade-off of 0.68 
less piglets born in the selection group than in the con-
trol group. Considering the high costs of losing a piglet 
postnatally, the additional feed costs, and the ethical and 
animal welfare aspects, we believe that the higher piglet 
survival more than offsets the smaller number of piglets 
born. Based on their estimated negative genetic correla-
tion (− 0.36), the impact of selection for postnatal pig-
let survival on litter size was expected, and agreed with 
other studies [9, 52]. Hill et al. [53] suggested one solu-
tion to overcome this negative effect by stabilizing and 
directional selection on environmental variation using 
canalized selection. This opens up the opportunity to 
select for an optimal level of litter size and birth weight, 
while continuing to improve piglet survival [41, 54–56].
Conclusions
The results obtained from this two-generation selection 
experiment demonstrate that selection for piglet survival 
can be highly successful, in particular when the selection 
is on maternal genetic effects only. In particular, selection 
on direct effects, but to a lesser extent also on both direct 
and maternal effects, substantially increased the antago-
nism between direct and maternal genetic effects for pig-
let survival and thus reduced its overall genetic response 
due to unbalanced breeding for these genetic effects. Bio-
logically, this suggests that maternal effects such as milk 
yield, mothering ability, etc. are the first limiting factor 
for selection response in piglet survival and highlights the 
importance of maternal selection to improve piglet sur-
vival. A higher phenotypic birth weight of second-gener-
ation selected sows suggests that unintentional selection 
of the best gilts within litters most likely based on growth, 
vitality, and conformation increased the direct genetic 
response in postnatal survival, especially when selection 
was on maternal genetic effects only. This demonstrated 
that the direct genetic response was expressed only when 
it was not limited by maternal genetic effects. In practi-
cal breeding, this unintentional selection could be consid-
ered in the breeding evaluation by including these traits 
in a multivariate analysis with piglet survival. Further-
more, the increase in piglet birth weight due to selection 
on maternal or direct genetic effects of postnatal piglet 
survival suggests that an improvement of birth weight 
is necessary to enhance piglet survival. A drawback of 
selecting boars based only on their maternal and direct 
EBV for postnatal survival was a correlated negative 
response in litter size of − 0.68 piglets, which highlights 
the necessity to select simultaneously for both postnatal 
survival and litter size. Thus, the use of canalised selection 
for stabilizing and directional selection for litter size and 
birth weight might improve piglet survival by exploiting 
the limited maternal resources more efficiently. Because 
the boars used in the experiment were selected based on 
postnatal survival of piglets produced indoors, while the 
selection experiment was carried out under outdoor rear-
ing, the selection response obtained in postnatal piglet 
survival suggests that genotype-by-environment interac-
tions between piglet survival under indoor and outdoor 
conditions were not important.
Supplementary Information
The online version contains supplementary material available at https ://doi.
org/10.1186/s1271 1-021-00612 -7.
 Additional file 1: Table S1. Estimated genetic parameters for piglet sur-
vival traits and birth weight analysed at the piglet level after adjustment of 
these traits for litter size. Estimates for piglet survival at birth (SVB), during 
the nursing period (SVNP) and individual piglet birth weight (IBW) are 
presented as posterior means of direct and maternal heritabilities  h2 (on 
the diagonal), genetic correlations  rg (above the diagonal) including their 
95% highest posterior density interval (in parentheses), posterior probabil-
ity of being positive Pr(. > 0) or negative Pr(. < 0) and genetic covariances 
(below diagonal) using a Bayesian multivariate analysis at the piglet level; 
*: significantly different from 0 (P < 0.05). 
Additional file 2: Figure S1. Correlated phenotypic responses of piglet 
survival at birth due to selection for postnatal survival estimated at the 
sow and piglet levels. Summary of phenotypic responses of piglet survival 
at birth in three selection scenarios based on piglet level in the  2nd  and 
 3rd generation, along with phenotypic differences in piglet survival rate 
per litter at birth of sows in  1st generation. 
Additional file 3: Figure S2. Correlated phenotypic responses of piglet 
individual birth weight due to selection for postnatal survival estimated 
at the sow and piglet levels. Summary of phenotypic responses of piglet 
individual birthweight in three different selection scenarios of piglets in 
 2nd and  3nd generation, along with phenotypic differences in average 
piglet birth weight per litter of sows in  1st population. 
Additional file 4: Table S2. Maternal selection responses in survival 
traits and birth weight at the piglet level. Summary of maternal selection 
responses of three different selection scenarios of selection for postnatal 
piglet survival and their correlated responses in perinatal survival and 
individual birth weight. Table S3. Maternal selection responses in survival 
traits and birth weight at the piglet level after adjustment of these traits 
for litter size. Summary of maternal selection responses of three different 
selection scenarios of selection for postnatal piglet survival and their 
correlated responses in perinatal survival and individual birth weight after 
adjustment of these traits for litter size. 
Additional file 5: Table S4. Direct selection responses in survival traits 
and birth weight at the piglet level. Summary of direct selection responses 
of three different selection scenarios of selection for postnatal piglet 
Page 15 of 16Nguyen et al. Genet Sel Evol           (2021) 53:28  
survival and their correlated responses in perinatal survival and individual 
birth weight. Table S5. Direct selection responses in survival traits and 
birth weight at the piglet level after adjustment of these traits for litter 
size. Summary of direct selection responses of three different selection 
scenarios of selection for postnatal piglet survival and their correlated 
responses in perinatal survival and individual birth weight after adjust-
ment of these traits for litter size. 
Additional file 6: Figure S3. Generalised linear regression (fitting a probit 
link function) of survival at birth (SVB) on individual birthweight (IBW), 
including confidence interval at 95%. The figure shows the generalised 
linear regression (fitting a probit link function) of survival at birth (SVB) on 
individual birthweight (IBW), including confidence interval at 95%. Figure 
S4. Generalised linear regression (fitting a probit link function) of survival 
at birth (SVB) on individual birthweight (IBW), including confidence 
interval at 95%. The figure shows the generalised linear regression (fitting 
a probit link function) of survival during the nursing period (SVNP) on 
individual birthweight (IBW), including confidence interval at 95%.
Acknowledgements
We would like to thank Narayan P. Shrestha and Kathleen M. Smurthwaite 
for their excellent work associated with practical operation of the selection 
experiment and collection of the data. We want to thank Genus PIC for provid-
ing the EBV and semen of the boars used.
Authors’ contributions
RR, SAE, PWK conceived and designed the selection experiment and the 
overall study. TQN executed the genetic analysis. RR and GS provided essential 
contributions to the interpretation of the results during the genetic analysis 
phase. TQN and RR wrote the initial draft, and subsequently, all authors con-
tributed intellectually to the interpretation and presentation of the results. All 
authors read and approved the final manuscript.
Funding
The research was completed as part of TN’s Ph.D., which was funded by Scot-
land’s Rural College (SRUC), the Vietnam International Cooperation Depart-
ment (VICD) and the Scottish Government. The work associated with the 
selection experiment was funded by the Department for Environment Food 
and Rural Affairs (Defra), the Scottish Government, Genus PIC, JSR Genetics 
Ltd, and Scottish Society for Prevention of Cruelty to Animals (SSPCA).
 Availability of data and materials
Data are available only upon agreement with the breeding organization and 
should be requested directly from the authors.
Ethics approval and consent to participate
All animal care and handling procedures used in this study were reviewed and 
approved by the Animal Experiments Committee of Scotland’s Rural College 
(SRUC) and was conducted in accordance with the requirements of the UK 




The authors declare that they have no competing interests.
Author details
1 Department of Agriculture, Horticulture and Engineering Sciences, SRUC 
(Scotland’s Rural College), Roslin Institute Building, Easter Bush Campus, 
Edinburgh EH25 9RG, Scotland, UK. 2 Department of Animal Breeding, Faculty 
of Animal Science and Veterinary Medicine, Nong Lam University – Ho Chi 
Minh City, Linh Trung Ward, Thu Duc District, Ho Chi Minh City 71308, Viet-
nam. 3 Genus-PIC, 24837 Schleswig, Germany. 4 Global Academy of Agriculture 
and Food Security, Royal (Dick) School of Veterinary Studies, University of Edin-
burgh, Easter Bush Campus, Edinburgh EH25 9RG, Scotland, UK. 5 School 
of Natural and Environmental Sciences, Agriculture Building, Newcastle 
University, Newcastle upon Tyne NE1 7RU, UK. 
Received: 22 April 2020   Accepted: 5 February 2021
References
 1. Quinton VM, Wilton JW, Robinson JA, Mathur PK. Economic weights 
for sow productivity traits in nucleus pig populations. Livest Sci. 
2006;99:69–77.
 2. Wolfová M, Wolf J, Krupová Z, Krupa E, Žáková E. Estimation of economic 
values for traits of pig breeds in different breeding systems: I. Model 
development. Livest Sci. 2017;205:79–87.
 3. Amer PR, Ludemann CI, Hermesch S. Economic weights for maternal 
traits of sows, including sow longevity. J Anim Sci. 2014;92:5345–57.
 4. Rutherford KMD, Baxter EM, D’Eath RB, Turner S, Arnott G, Roehe R, et al. 
The welfare implications of large litter size in the domestic pig I: Biologica 
factors. Anim Welf. 2013;22:199–218.
 5. Serenius T, Muhonen P, Stalder K. Economic values of pork production 
related traits in Finland. Agric Food Sci. 2007;16:79–88.
 6. Dube B, Mulugeta SD, Dzama K. Integrating economic parameters into 
genetic selection for Large White pigs. Animal. 2013;7:1231–8.
 7. Agriculture and Horticulture Development Board (AHDB). UK pig facts 
and figures - 2019. Kenilworth, UK; 2019. https ://ahdb.org.uk/knowl edge-
libra ry/uk-pig-facts -and-figur es-2019. Accessed 19 Mar 2020.
 8. Leenhouwers JI, Knol EF, van der Lende T. Differences in late prenatal 
development as an explanation for genetic differences in piglet survival. 
Livest Prod Sci. 2002;78:57–62.
 9. Su G, Lund MS, Sorensen D. Selection for litter size at day five to improve 
litter size at weaning and piglet survival rate. J Anim Sci. 2007;85:1385–92.
 10. Heuß EM, Pröll-Cornelissen MJ, Neuhoff C, Tholen E, Große-Brinkhaus 
C. Invited review: piglet survival: benefits of the immunocompetence. 
Animal. 2019;13:2114–24.
 11. Roehe R, Kalm E. Estimation of genetic and environmental risk factors 
associated with pre-weaning mortality in piglets using generalized linear 
mixed models. Anim Sci. 2000;70:227–40.
 12. Wootton R, Flecknell PA, Royston JP, John M. Intrauterine growth retarda-
tion detected in several species by non-normal birthweight distributions. 
J Reprod Fertil. 1983;69:659–63.
 13. Aucott SW, Donohue PK, Northington FJ. Increased morbidity in severe 
early intrauterine growth restriction. J Perinatol. 2004;24:435–40.
 14. Liu ZX, Wei HK, Zhou YF, Peng J. Multi-level mixed models for evaluating 
factors affecting the mortality and weaning weight of piglets in large-
scale commercial farms in central China. Anim Sci J. 2018;89:760–9.
 15. Blasco A, Bidanel JP, Haley CS. Genetics and Neonatal Survival. In: Varley 
MA, editor. The neonatal pig-development and survival. Wallingford: CAB 
International; 1995. p. 17–38.
 16. Su G, Sorensen D, Lund MS. Variance and covariance components for 
liability of piglet survival during different periods. Animal. 2008;2:184–9.
 17. Kapell DNRG, Ashworth CJ, Knap PW, Roehe R. Genetic parameters for 
piglet survival, litter size and birth weight or its variation within litter in 
sire and dam lines using Bayesian analysis. Livest Sci. 2011;135:215–24.
 18. Ibáñez-Escriche N, Varona L, Casellas J, Quintanilla R, Noguera JL. Bayesian 
threshold analysis of direct and maternal genetic parameters for piglet 
mortality at farrowing in Large White, Landrace, and Pietrain populations. 
J Anim Sci. 2009;87:80–7.
 19. Knol EF, Ducro BJ, Van Arendonk JM, Van Der Lende T. Direct, maternal 
and nurse sow genetic effects on farrowing-, pre-weaning- and total 
piglet survival. Livest Prod Sci. 2002;73:153–64.
 20. Serenius T, Sevón-Aimonen ML, Kause A, Mäntysaari EA, Mäki-Tanila A. 
Selection potential of different prolificacy traits in the Finnish Landrace 
and Large White populations. Acta Agric Scand Anim Sci. 2004;54:36–43.
 21. Sorensen DA, Andersen S, Gianola D, Korsgaard I. Bayesian inference in 
threshold models using Gibbs sampling. Genet Sel Evol. 1995;27:229.
 22. Misztal I, Tsuruta S, Strabel T, Auvray B, Druet T, Lee DH. BLUPF90 and 
related programs (BGF90). In: Proceedings of the 7th World Congress on 
Genetics Applied to Livestock Production: 19–23 August 2002; Montpel-
lier. 2002.
 23. Falconer DS, Mackay TFC. Threshold characters. Introduction to quantita-
tive genetics. 4th ed. Harlow: Pearson, Prentice Hall; 1996. p. 299–311.
Page 16 of 16Nguyen et al. Genet Sel Evol           (2021) 53:28 
•
 
fast, convenient online submission
 •
  
thorough peer review by experienced researchers in your field
• 
 
rapid publication on acceptance
• 
 
support for research data, including large and complex data types
•
  
gold Open Access which fosters wider collaboration and increased citations 
 
maximum visibility for your research: over 100M website views per year •
  At BMC, research is always in progress.
Learn more biomedcentral.com/submissions
Ready to submit your research ?  Choose BMC and benefit from: 
 24. Roehe R, Shrestha NP, Mekkawy W, Baxter EM, Knap PW, Smurthwaite 
KM, et al. Genetic parameters of piglet survival and birth weight from 
a two-generation crossbreeding experiment under outdoor condi-
tions designed to disentangle direct and maternal effects. J Anim Sci. 
2010;88:1276–85.
 25. Geweke J. Evaluating the accuracy of sampling-based approaches to the 
calculation of posterior moments. In: Bernardo JM, Berger JO, Dawid AP, 
Smith AFM, editors. Bayesian Statistics 4. Oxford: Oxford University Press; 
1992. p. 169–93.
 26. Willham RL. The role of maternal effects in animal breeding: III. Biometri-
cal aspects of maternal effects in animals. J Anim Sci. 1972;35:1288–93.
 27. Bennewitz J, Morgades O, Preisinger R, Thaller G, Kalm E. Variance compo-
nent and breeding value estimation for reproductive traits in laying hens 
using a Bayesian threshold model. Poult Sci. 2014;86:823–8.
 28. Smith C. Use of stored frozen semen and embryos to measure genetic 
trends in farm livestock. J Anim Breed Genet. 1977;94:119–27.
 29. Zhang T, Wang LG, Shi HB, Yan H, Zhang LC, Liu X, et al. Heritabilities and 
genetic and phenotypic correlations of litter uniformity and litter size in 
Large White sows. J Integr Agric. 2016;15:848–54.
 30. Zhang Z, Zhang H, Pan RY, Wu L, Li YL, Chen ZM, et al. Genetic parameters 
and trends for production and reproduction traits of a Landrace herd in 
China. J Integr Agric. 2016;15:1069–75.
 31. Banville M, Riquet J, Bahon D, Sourdioux M, Canario L. Genetic parameters 
for litter size, piglet growth and sow’s early growth and body com-
position in the Chinese-European line Tai Zumu. J Anim Breed Genet. 
2015;132:328–37.
 32. Ogawa S, Konta A, Kimata M, Ishii K, Uemoto Y, Satoh M. Estimation of 
genetic parameters for farrowing traits in purebred Landrace and Large 
White pigs. Anim Sci J. 2019;90:23–8.
 33. Hollema BL, Zwiers S, Hermesch S. Genetic parameters for haemoglobin 
levels in sows and piglets as well as sow reproductive performance and 
piglet survival. Animal. 2020;14:688–96.
 34. Canario L, Lundgren H, Haandlykken M, Rydhmer L. Genetics of growth 
in piglets and the association with homogeneity of body weight within 
litters. J Anim Sci. 2010;88:1240–7.
 35. Matheson SM, Walling GA, Edwards SA. Genetic selection against intrau-
terine growth retardation in piglets: a problem at the piglet level with a 
solution at the sow level. Genet Sel Evol. 2018;50:46.
 36. Putz AM, Tiezzi F, Maltecca C, Gray KA, Knauer MT. Variance compo-
nent estimates for alternative litter size traits in swine. J Anim Sci. 
2015;93:5153–63.
 37. Damgaard LH, Rydhmer L, Løvendahl P, Grandinson K. Genetic param-
eters for within-litter variation in piglet birth weight and change in 
within-litter variation during suckling. J Anim Sci. 2003;81:604–10.
 38. Wolf J, Žáková E, Groeneveld E. Within-litter variation of birth weight in 
hyperprolific Czech Large White sows and its relation to litter size traits, 
stillborn piglets and losses until weaning. Livest Sci. 2008;115:195–205.
 39. SanCristobal-Gaudy M, Elsen JM, Bodin L, Chevalet C. Prediction of the 
response to a selection for canalisation of a continuous trait in animal 
breeding. Genet Sel Evol. 1998;30:423–51.
 40. Garreau H, Bolet G, Larzul C, Robert-Granié C, Saleil G, SanCristobal M, 
et al. Results of four generations of a canalising selection for rabbit birth 
weight. Livest Sci. 2008;119:55–62.
 41. Bolet G, Garreau H, Joly T, Theau-Clement M, Falieres J, Hurtaud J, et al. 
Genetic homogenisation of birth weight in rabbits: indirect selection 
response for uterine horn characteristics. Livest Sci. 2007;111:28–32.
 42. Knol EF, Leenhouwers JI, Van der Lende T. Genetic aspects of piglet 
survival. Livest Prod Sci. 2002;78:47–55.
 43. Decaluwé R, Maes D, Wuyts B, Cools A, Piepers S, Janssens GPJ. Piglets’ 
colostrum intake associates with daily weight gain and survival until 
weaning. Livest Sci. 2014;162:185–92.
 44. Devillers N, LeDividich J, Farmer C, Mounier A-M, Lefebvre M, Prunier 
A. Origin and consequences of the variability of colostrum produc-
tion by the sows and of its intake by the piglets. In: Proceedings of 
the 37th Journées de la Recherche Porcine: 1–3 February 2005. Paris. 
2005;37:435–42.
 45. Devillers N, Farmer C, Le Dividich J, Prunier A. Variability of colostrum yield 
and colostrum intake in pigs. Animal. 2007;1:1033–41.
 46. Andersen IL, Berg S, Bøe KE. Crushing of piglets by the mother sow 
(Sus scrofa) - Purely accidental or a poor mother? Appl Anim Behav Sci. 
2005;93:229–43.
 47. Baxter EM, Jarvis S, Sherwood L, Farish M, Roehe R, Lawrence AB, et al. 
Genetic and environmental effects on piglet survival and maternal 
behaviour of the farrowing sow. Appl Anim Behav Sci. 2011;130:28–41.
 48. Johansson K, Kennedy BW, Quinton M. Prediction of breeding values 
and dominance effects from mixed models with approximations of the 
dominance relationship matrix. Livest Prod Sci. 1993;34:213–23.
 49. Roehe R, Kennedy BW. Efficiency of an approximate animal model for 
maternal and direct genetic effects of litter size in swine. J Anim Sci. 
1993;71:3251–60.
 50. Roehe R, Kennedy BW. The influence of maternal effects on accuracy of 
evaluation of litter size in swine. J Anim Sci. 1993;71:2353–64.
 51. Roehe R, Kennedy BW. Effect of selection for maternal and direct genetic 
effects on genetic improvement of litter size in swine. J Anim Sci. 
1993;71:2891–904.
 52. Rosendo A, Druet T, Gogué J, Canario L, Bidanel JP. Correlated responses 
for litter traits to six generations of selection for ovulation rate or prenatal 
survival in French Large White pigs. J Anim Sci. 2007;85:1615–24.
 53. Hill WG, Mulder HA. Genetic analysis of environmental variation. Genet 
Res. 2010;92:381–95.
 54. Blasco A, Martínez-Álvaro M, García ML, Ibáñez-Escriche N, Argente MJ. 
Selection for environmental variance of litter size in rabbits. Genet Sel 
Evol. 2017;49:48.
 55. Fathallah S, Bodin L, David I. Genetic heteroscedastic models for ordinal 
traits: application to sheep litter size. Genet Sel Evol. 2016;48:30.
 56. de Souza Iung LH, Carvalheiro R, de Rezende Neves HH, Mulder HA. 
Genetics and genomics of uniformity and resilience in livestock and 
aquaculture species: a review. J Anim Breed Genet. 2020;137:263–80.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.
